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The excitation energy transfer (EET) in Fenna-Matthews-Olson (FMO) complex has been
investigated in the presence of realistic inhomogeneous protein environment around different
bacteriochlorophyll-a (BChla) sites of a 8-site monomer. We studied the effect of initial coher-
ence and the 8th chromophore on the EET dynamics considering relative orientation of transition
dipole moments of all the BChla sites. We choose femtosecond coherent laser pulse to prepare ini-
tial coherent superposition state. Our non-Markovian simulation reveals that the initial coherence
between excited states of BChla sites accelerate the excitation energy transfer process as compared
to initial mixed state. Even more impressively, in the presence of the 8th chromophore, the initial
pure state relaxes much faster than in the 7-site monomer. Hence the inclusion of 8th chromophore
additionally enhances the EET relaxation.
I. INTRODUCTION
Under in-situ conditions, in the bacterial photosynthe-
sis, the pigment-protein complexes (PPC) of antenna ab-
sorb the photons and transfer this energy to the reaction
center for useful chemical conversion [1, 2]. For exam-
ple, in the green sulpur bacteria Chlorobium Tepidum,
the Fenna-Matthews-Olson (FMO) complex connects the
chlorosome antenna to the reaction center as an energy-
transmiting wire. FMO complex is a homo-trimer with
each monomer consisting of several bacteriochlorophyll-
a (BChla) sites surrounded by protein molecules [1, 2].
Earlier crystallographic studies have reported that each
monomer consists of seven BChla sites [3], while recent
studies have shown that there exist eight BChla sites in
each such monomer as illustrated in Fig.1[4, 5]. Energy
transfer occurs through these BChla sites from the an-
tenna to the reaction center.
It had been hypothesized that in PPCs the excitation
gets transferred through incoherent hopping. But ex-
perimental observations with 2-D electronic spectroscopy
(2-DES) [6–8] have revealed the coherent beating dur-
ing excitation energy transfer (EET) in FMO complex
[9–11]. These coherent beatings have been explained as
’transient’ dynamical coherence and it has been specu-
lated that these oscillations may play a significant role in
the EET. It opens up a new set of challenges in want of
suitable explanation of such observations [12–15].
Following the observations of 2-DES experiments, it
was argued that the exchange of information between
the BChla sites and the protein environment (as it hap-
pens in the non-Markovian dynamics) helps to preserve
the coherence for long time scale. This has led to sev-
eral theoretical non-Markovian models [17–24]. Further,
the effect of environment and its inhomogeneity have also
been considered in this context [25–30]. Recently, it was
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observed that the vibronic modes of each BChla site en-
hance the time-scale of oscillations of EET [31–36].
It is important here to note that the in situ absorp-
tion of incoherent sunlight by photosynthetic bacteria
Chlorobium Tepidum is significantly different from the
absorption of coherent light by an isolated FMO complex
in 2-DES experiments. In the former case, the incoherent
photons are absorbed by pigments of chlorosome antenna
and subsequently this energy is transferred to the BChla
sites via baseplate pigments [1, 2]. The pigments of the
baseplate incoherently distribute the excitation energy
to BChla sites of FMO complex depending upon their
spectral matching and relative angle of transition dipole
moment [16]. On the other hand, in the latter case, a fem-
tosecond coherent laser pulse is used to excite an isolated
FMO complex, which results in a coherent superposition
of several excited BChla sites.
Most of the studies of FMO complex have a few com-
mon features:
(i) The FMO complex has been treated in an isolated
condition, outside the bacteria. This indicates that
the observations in such conditions do not suitably
recreate the actual photosynthetic process.
(ii) The relevant theoretical explanations only consid-
ered seven BChla sites, while there exist eight such
sites.
(iii) The environment of the BChla sites has been as-
sumed to be homogeneous.
To address the above limitations, we have considered in
this paper all the physical conditions, to suitably dif-
ferentiate the experimental observations and the in situ
process of EET. Precisely speaking, we will show how the
eight-site picture of the monomer can be a better model
to study the bacterial photosynthetic process, in pres-
ence of suitable initial condition (feature (i) above) and
the inhomogeneous environment (feature (iii) above).
We emphasis that the initial condition plays a very
important role in the ensemble measurments [37]. In
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2the earlier theoretical models, it was assumed that the
spatial distance of the BChla sites from the base-plate
governs the initial excitation distribution and the role of
relative angles of transition dipole moment of different
BChla sites is largely ignored. Following this, it was as-
sumed that in the FMO complex, the BChla sites that are
spatialy close to the baseplate pigments, will be initially
excited[17]. Note that, the 2-DES experiments were per-
formed on an isolated FMO complex without chlorosome
anteena and baseplate. Earlier theoretical approaches
have considered seven-site monomer to study the EET
dynamics and assume BChla 1 and BChla 6 as the linker
pigments to recieve excitation initially. This leads to
two different pathways of EET in FMO complex[17, 38].
Later on, eight-site monomer has also been considered
and it was found that BChla 8 is spatially close to the
base-plate and BChla 1. Hence it has been assumed that
BChla 8 also acts as linker pigment [39, 40]. However we
emphasize that such an initial condition is inconsistent
with that of laser excited isolated FMO complex or in-
situ absorption of excitation. To explore this question,
we have suitably chosen the initial conditions. First, we
have described the interaction of femtosecond laser pulse
to prepare the initial coherent superposition state and
illustrated the mixed state created by incoherent absorp-
tion of light. We propose that in 2-DES experiments the
distribution of initial excitation is governed by the rela-
tive orientation of the dipole moments with the polariza-
tion of laser pulse rather than by the spatial distance of
BChla sites from baseplate.
Moreover, in the open quantum systems the environ-
mental dephasing plays the primary role in the destruc-
tion of coherence. It indicates the importance of use
of realistic protein environment in the EET dynamics,
which was ignored in the earlier theoretical models con-
sidering 8 site monomer. Ritschel et al. have used homo-
geneous environment for all the 8 BChla sites to study
the coherent dynamics and find the absence of the dy-
namical coherence for initial excitation at BChla 8 [39].
But X-ray crystallography of the FMO complex reveals
different protein environment for different BChla sites,
which must be included in the coherent EET dynamics.
In this paper, the inhomogeneity of protein environment
has been considered by fitting the spectral density with
experimentally observed phonon wing[41].
The structure of the paper is as follows: In section II
we illustrate the interaction of electric field with FMO
complex. Next in section (Section III), we show the EET
dynamics. Finally in section IV we conclude with sum-
mary and an outlook.
II. PREPARATION OF INITIAL STATE
Although the FMO complex is a homo-trimer, the
Coulomb coupling among the monomers is so weak that
the EET occurs within each sub-unit almost indepen-
dently [39]. Following this, in the 8-site monomer of FMO
complex (Fig.1) each BChla site has been modelled as a
two-level system. Note that, in the light harvesting PPCs
the strong dipole-dipole interaction suppresses the double
excitation to avoid the damage from excess energy due
to coherent laser pulse akin to Rydberg blockade in the
atomic systems [42]. Hence, we have used the singly ex-
cited subspace only, for the interaction of coherent laser
pulse with the BChla sites in the FMO complex as shown
in Fig. 1. In this subspace, the eight two-level systems
can be equivalently modelled as a nine-level system, in
which the ground state |0〉 is common to all the sites and
each excited state |j〉 (j 6= 0) corresponds to one of
the singly excited sites, as illustrated by lower panel of
Fig. 1.
FIG. 1: (Color online) Upper panel demonstrates the
8-site monomer of FMO complex. Lower panel is the
schematic representation of transition levels of different
BChla sites of the monomer in singly excited subspace.
Here i describes the transition energy of ith excited
BChla site.
To analyze the distribution of excitation energy among
the different BChla sites, a linearly polarized field ~E =
ˆε(t)e−iωLt+h.c. with time dependent amplitude ε(t) and
frequency ωL is applied to excite the BChla sites. More-
over, it is assumed that the time period during which
the laser pulse interacts with the FMO complex is much
less than that during which the bath modes become ef-
fective. In the dipole-approximation, the corresponding
light-matter interaction Hamiltonian can then be written
as
H =
8∑
j=1
(
~0 |0〉 〈0|+ ~j |j〉 〈j| −
(
~dj0 |j〉 〈0|+ ~d0j |0〉 〈j|
)
. ~E
)
.
(1)
Here j is the energy difference of jth BChla site with
respect to the ground state, and ~dj0 describes the tran-
sition dipole moment matrix element of the transition
3|j〉 ↔ |0〉. It is important here to note that the effect of
the Coulomb coupling ∆ij can be neglected for the inter-
val during which the laser pulse is applied as the pulse
width is chosen to be much smaller than the time-scale
∆−1ij of Coulomb tunneling [43]. A coherent superposi-
tion |ψ〉 = ∑8j=0 cj(t) |j〉 of all the relevant states of the
monomer would be created by the interaction of laser
pulse. To study the temporal dynamics of this state, we
rewrite the Hamiltonian (1) in the interaction picture as
HI =
∑8
j=1
(−dj0E0 cos θj0 |j〉 〈0| ei(j−0−ωL)t
− d0jE0 cos θ0j |0〉 〈j| ei(0−j−ωL)t
− dj0E0 cos θj0 |j〉 〈0| ei(j−0+ωL)t
− d0jE0 cos θ0j |0〉 〈j| ei(0−j+ωL)t
)
.
(2)
Note that, we have not used the rotating wave approx-
imation above as we have considered the pulse to be of
short cycle. The probability amplitudes cj therefore fol-
low the following time dependent equations, obtained by
using the Schrodinger equation:
c˙j = i2G(t)c0 cos θj0 cosωLte
i(j−0)t j 6= 0 . (3)
We choose the following Gaussian profile of the laser
pulse G(t) = g exp
(−(t− t0)2/τ2). The amplitude of
the transition dipole moment ~dj0 of all the BChla sites
has been assumed to be almost the same (i.e., ~dj0 = ~d )
such that g = dε0/~, ε0 being the peak value of the laser
pulse. However the dipoles have different orientations,
while θj0 describes the angle between the polarization
of the electric field ~E and the transition dipole moment
~dj0. The polarization of the electric field is set to be
parallel to the transition dipole moment of BChla 1 and
the angles θj0 is measured using VEGA-ZZ for the PDB
entry 3EOJ (Table I). The transition frequencies j has
been chosen, according to that reported by Renger et al.
[16]. Further in essence of average transition frequency,
we have used ωL = 12447.5 cm
−1.
TABLE I: Angles of transition dipole moment of
different BChla sites w.r.t that of BChla 1.
BChla site numbers Angle (in degree’s)
12 60.42o
13 92.18o
14 154.17o
15 108.30o
16 101.38o
17 21.41o
18 84.97o
We have numerically solved the Eqs(3) for a femtosec-
ond laser pulse, that distributes the excitation among the
different BChla sites instead of localizing at linker pig-
ments (see Fig. 2a). The pure state thus created can be
written as
|ψ〉 = √0.3260 |1〉+√0.0795 |2〉+√0.0005 |3〉
+
√
0.2641 |4〉+√0.0321 |5〉+√0.0127 |6〉
+
√
0.2826 |7〉+√0.0025 |8〉 .
(4)
It is observed that BChla 4 (which is at large spa-
tial distance from the base-plate) absorbs more excita-
tion energy as compared to BChla 6 and BChla 8 (which
are spatially more closer to the base-plate) as evident
from the lower panel of Fig. 2a. It implies that dif-
ferent BChla sites receive different amount of excitation
depending upon their relative angle of transition dipole
moment with respect to the polarization of the incoming
electric field and this distribution is independent of spa-
tial distance of BChla sites from the baseplate. Hence
in the 2-DES experiments, the excitation energy cannot
be assumed to be localized incoherently at linker pig-
ments (BChla 1, 6 and 8) initially, contrary to what is
previously assumed in several theoretical models [17, 39].
Moreover, the interaction of coherent laser pulse coher-
ently couples the excited state of BChla sites as shown
in Fig. 2. Interestingly, it decouples the excited states
from the ground state when the laser pulse disappears as
has been observed in the corresponding experiment [11].
Next, to analyze the initial condition of in-vivo inco-
herent absorption, we follow the treatment using general-
ized Forster theory by Renger et al.[16]. The correspond-
ing mixed state is given by
ρ11 = 0.29; ρ22 = 0.09; ρ33 = 0; ρ44 = .01; ρ55 = .026;
ρ66 = .017; ρ77 = .017; ρ88 = .55
ρij = 0; i 6= j (5)
III. EET DYNAMICS
To study the EET dynamics, we again use singly ex-
cited subspace and the active channels of EET between
excited BChla sites are illustrated in Fig.3. The total
Hamiltonian can be written as [44, 45]
H = HS +HB +HSB , (6)
where HS is the system Hamiltonian, given by
HS =
∑
i,j
(
~
2
ijσ
ij
z + ~∆ijσijx
)
. (7)
Here σijz = |gjei〉 〈gjei| − |ejgi〉 〈ejgi| and σijx =
|ejgi〉 〈gjei| + |gjei〉 〈ejgi| are the equivalent Pauli spin
operators in two-site single excitation basis. Moreover,
the energy difference between two excited BChla sites
(jth and ith) is written as ij = j − i and the Coulomb
coupling corresponding to these BChla sites is ∆ij .
4Further, the bath Hamiltonian HB is given by
HB =
∑
kij
~ωkij b
†
kij
bkij . (8)
Here, bkij = bkj − bki and b†kij = b
†
kj
− b†ki are the anni-
hilation and the creation operators, respectively, for the
kijth bath mode, where bki represents the kth bath mode,
local to ith BChla site.
Finally, the Hamiltonian for the system-bath interac-
tion can be written as
HSB =
~
2
∑
i,j
∑
kij
σijz gkij (bkij + b
†
kij
) , (9)
where gkij denotes the electron-phonon coupling
strength.
We next solve the following master equation to obtain
the dynamics of EET [41, 46]:
ρ˙ = − i~ [HS , ρ]
+ 14
∑
i,j
{(
σijz ρσ
ij
z − ρσijz σijz
)
Dij(t)
+
(
σijz ρσ
ij
z − σijz σijz ρ
)
D∗ij(t)
+
(
σijz ρσ
ij
z − σijz σijz ρ
)
Uij(t)
+
(
σijz ρσ
ij
z − ρσijz σijz
)
U∗ij(t)
}
.
(10)
The time-dependent coefficients in the above equation
preserves the memory, hence making the master equation
non-Markovian in nature and are given by
Dij(t) =
∫ t
0
dt′
∫ ∞
0
dωJij(ω)n¯(ω, T )e
−iω(t−t′) , (11)
Uij(t) =
∫ t
0
dt′
∫ ∞
0
dωJij(ω)[n¯(ω, T ) + 1]e
−iω(t−t′) .(12)
Here n¯(ω, T ) describes the average number of phonons
at temperature T and Jij(ω) represents the spectral den-
sity function. It is important here to note that in master
equation approach the effect of vibronic modes of pig-
ments can be described implicitly by the spectral den-
sity [47]. Accordingly, we introduce the following spec-
tral function that has been obtained by fitting with the
experimental data [41] (obtained using fluorescence line
narrowing spectroscopy by Wendling et. al.[48])
Jij(ω) = Kijω
(
ω
ωcij
)−1/2
e
− ωωcij +
∑
l
Kle
− (ω−ωl)2
2d2 .
(13)
The above form of spectral density consists of phonon
wing with the Huang-Rhys factor Kij (with Kij = g
2
kij
)
and the vibronic bands with the Huang-Rhys factor Kl.
The phonon wing illustrates the effect of vibrational mo-
tions of environmental phonons and vibronic band arises
due to vibrational levels local to each BChla site. Here
ωcij is the cutoff frequency and ωl represent the frequen-
cies of the active vibronic modes. In our simulation, we
have used following five different vibronic modes with
non-negligible values of Franck-Condon factors: ωl = 36
cm−1, 70 cm−1, 173 cm−1, 185 cm−1, and 195 cm−1.
Moreover, the values of Kl have been assumed to be 40
times that of the corresponding Franck-Condon factors
[48], and the width of the vibronic band as d2 = 18. From
the fitting with experimental data, the observed values of
Kij and ωcij are listed in Table II. Note that, the values
of Kij and ωcij are different due to the inhomogeneity of
protein environment around different BChla sites.
TABLE II: Parameters used to simulate the EET in
FMO complex.
Electron-phonon couplings Cut-off frequencies (in cm−1)
K18 = 0.02950 ωc18 = 079.0
K21 = 0.01228 ωc21 = 189.6
K61 = 0.07720 ωc61 = 030.2
K32 = 0.03910 ωc32 = 059.6
K56 = 0.01300 ωc56 = 179.0
K76 = 0.03320 ωc76 = 070.2
K45 = 0.01810 ωc45 = 128.2
K46 = 0.06700 ωc46 = 034.8
K47 = 0.01870 ωc47 = 124.6
K34 = 0.01970 ωc34 = 117.8
Before discussing the effect of the 8th chromophore,
we first compared the EET dynamics for inhomogeneous
and homogeneous protein environment assuming BChla
8 to be initially excited. Though the initial excitation at
BChla 8 is inconsistent with the realistic initial condition,
we compare with the earlier theoretical studies (which
have assumed BChla 8 to be initially excited in a homo-
geneous protein environment [39]). Following Ritchel et
al., for the homogeneous protein environment, we have
used the same electron-phonon coupling (i.e., K = 0.105)
and the cut-off frequency (ωc = 166.66 cm
−1) for all the
BChla sites. As shown in Fig. 4, we observe that at a
cryogenic temperature 77 K, excitation oscillates between
different BChla sites for the inhomogeneous protein en-
vironment instead of non-oscillatory transfer as has been
observed by Ritchel et al. [39]. These oscillations origi-
nate due to strong dynamical coherence between BChla
8 and BChla 2 (ρ82) and between BChla 8 and BChla 1
(ρ81) as illustrated in Fig. 4. Further, we find that with
the use of homogeneous protein environment the oscilla-
tions disappear (Fig. 4) as also have been observed by
Ritchel et al. [39]. These results imply that independent
protein environment for different BChla sites in the FMO
complex must be incorporated for the more accurate the-
oretical study of EET dynamics.
We next study the evolution of the state (4) in the pres-
ence of the inhomogeneous environment, and compared
it with that of the state (5). As displayed in Fig. 5a, the
oscillation persists for about 1.2 ps in the former case,
while the time-scale of the such oscillation for the initial
mixed state is considerably different (see Fig. 5b). In
fact, it is clear from the Figs. 5 that the EET dynamics
is much faster for the initial pure state as compared to the
initial mixed state. This differential time-scale of EET
5for different initial conditions can further be explored by
plotting the time evolution of the trace of square of den-
sity matrix P = Tr(ρ2 (a systematic measure of the co-
herence) as illustrated by Fig. 6a. We find that for the
initial pure state, the steady state is attained at around
2 ps, while for the initial mixed state, the system is still
far away from the steady state. Such a speed up can be
attributed to the initial coherence, and not to the non-
Markovian characteristic of the dynamics, as previously
reported by the authors [43].
Further, it is evident from the Figs. 6a and 6b that
inclusion of another BChla site (i.e., BChla 8) changes
the EET dynamics completely for two different initial
conditions. For example, for the initial coherent pure
state, the EET dynamics is almost two times faster in
the eight-site monomer as compared to the seven-site
monomer (Fig.6b). At ω0t = 10, P = 0.18 for the
eight-site monomer, while for the seven-site monomer
P = 0.37. Moreover, for the seven-site monomer (for
the initial pure state) P evolves in an oscillatory fashion
while for the eight-site case, the dynamics remains non-
oscillatory. Hence the excitation oscillates between two
BChla sites for the longer times in seven-site case, which
delays the transfer of excitation to the other BChla sites,
thereby slowing down the EET. On the other hand for the
eight-site monomer, due to the weak Coulomb coupling
of BChla 8 with the other BChla sites, there exists small
but optimum dynamical coherence. It further creates the
coherent superposition for the optimum time which dis-
tributes the excitation quickly between different BChla
sites and the system achieves the steady state faster. It
indicates that the presence of BChla 8 in the FMO com-
plex speeds up the EET dynamics.
IV. CONCLUSION
In conclusion, we have studied the EET in FMO com-
plex to explore the role of 8th BChla site in to spped-
ing up the EET. We have found that compared to 7-site
model, the EET is faster in the case of a 8-site model of
the FMO complex. This speed up is boosted in the pres-
ence of initial coherence in the singly excited subspace
of the BChla sites. Our analysis closely match with the
experimental conditions in which a femtosecond pulse is
employed to initiate the EET an isolated FMO complex.
Such a pulse would create a superposition state of all
the BChla sites, thereby creating an initial coherence.
So our analysis reinforces that the assumption that ei-
ther BChla 8, BChla 6 or BChla 1 are initially excited
is incorrect the suitable choice of initial condition is war-
ranted. Moreover, the 8-site model is more suitable than
the 7-site model, to study the EET in FMO complex.
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7(a) (b) (c)
(d) (e) (f)
FIG. 2: (Color online) Simulation results of the interaction of 15 fs Gaussian laser pulse with the monomer of FMO
complex. We choose normalized parameters g = 3.9, ω0t0 = 0.8 and ω0τ =
√
0.03.
FIG. 3: (Color online) Schematic diagram of BChla
sites and the active channels of EET in the monomer.
The superscript ’?’ indicates that the molecules are in
the excited state. Here ij = j − i represents the
energy difference between jth and ith BChla sites, while
∆ij is the coulomb coupling between them.
8FIG. 4: (Color online) Temporal dynamics of EET at
cryogenic temperature 77 K. Here solid lines represent
the EET dynamics for realistic in-homogeneous protein
environment for different BChla sites and dashed lines
illustrate it for homogeneous environment for all the
BChla sites in FMO complex.
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FIG. 5: (Color online) Dynamics of EET at 77 K for (a)
coherent superposition state and (b) incoherent mixed
state.
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FIG. 6: (Color online) Time evolution of trace of square
of density matrix (P) for (a) 8-site monomer and (b)
7-site monomer. Here the solid line illustrates the
dynamics for initial coherent superposition state (Eq.4)
and the dotted line shows that of initial incoherent
mixed state Eq.(5).
